N-linked glycosylation is a post-translational event whereby carbohydrates are added to secreted proteins at the consensus sequence Asn-Xxx-Ser/Thr, where Xxx is any amino acid except proline. Some consensus sequences in secreted proteins are not glycosylated, indicating that consensus sequences are necessary but not sufficient for glycosylation. In order to understand the structural rules for N-linked glycosylation, we introduced N-linked consensus sequences by site-directed mutagenesis into the polypeptide chain of the recombinant human erythropoietin (rHuEPO) molecule. Some regions of the polypeptide chain supported N-linked glycosylation more effectively than others. N-linked glycosylation was inhibited by an adjacent proline suggesting that sequence context of a consensus sequence could affect glycosylation. One N-linked consensus sequence (Asn123 Thr125) introduced into a position near to the existing O-glycosylation site (Ser126) had an additional O-linked carbohydrate chain and not an additional N-linked carbohydrate chain suggesting that structural requirements in this region favored Oglycosylation over N-glycosylation. The presence of a consensus sequence on the protein surface of the folded molecule did not appear to be a prerequisite for oligosaccharide addition. However, it was noted that rHuEPO analogs that were hyperglycosylated at sites that were normally buried, had altered protein structures. This suggests that carbohydrate addition precedes polypeptide folding.
INTRODUCTION
glycosylation analogs. In this manner structural requirements for O-linked glycosylation of rHuEPO have been determined using rHuEPO Ser and Thr analogs (32) . We have reported previously that it is possible to engineer new functional N-linked glycosylation sites into rHuEPO and other proteins by introducing consensus sequences for N-linked carbohydrate addition (12) . Construction and study of N-linked carbohydrate glycosylation analogs is therefore a tractable model for studying the structural requirements and functional consequences of carbohydrate addition.
We utilized an in vitro mutagenesis approach to introduce N-linked glycosylation sites into various positions on the amino acid backbone of rHuEPO. The new proteins were examined for addition of N-and O-linked carbohydrate and to assess the effect of the mutations on structure. We also examined the effects of adjacent amino acids on glycosylation. Our results suggest that an added N-linked glycosylation consensus sequence is necessary but not sufficient for carbohydrate addition. Addition of carbohydrate can precede folding of a molecule. We also found that a consensus sequence that is not glycosylated could be converted into a functional site by manipulation of adjacent sequences.
EXPERIMENTAL PROCEDURES

Construction of rHuEPO Glycosylation analogs
In vitro mutagenesis was performed on a rHuEPO cDNA clone using either oligonucleotide directed mutagenesis with synthetic oligonucleotides and single stranded DNA derived from M13mp18 bacteriophages or by polymerase chain reaction (PCR) as described (12;29) . With both methods, the appropriate DNA fragment was cut by restriction endonucleases, purified, and ligated into an SV-40 expression vector. The presence of the desired mutation was confirmed by direct DNA sequence analysis.
Expression of Variants in Mammalian Cells
SV-40 expression vectors containing the rHuEPO glycosylation analog sequences were transfected into COS-1 cells by the calcium phosphate method (29;33) or by electroporation (29) . Three to five days after transfection, the culture supernatants were harvested, aliquoted, and stored at -80 o C. For larger quantities of material stable expression was obtained by transformation of Chinese Hamster Ovary (CHO) cells.
Analysis of expressed proteins
The presence of carbohydrate was assessed by SDS-PAGE Western blots. Aliquots of conditioned medium from cells expressing the desired rHuEPO glycosylation analog were immunoprecipitated overnight at room temperature with an anti-rHuEPO rabbit polyclonal antibody (34) .
The immunoprecipitated material was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described previously (32) . Following electrophoresis, the resolved proteins were blotted to 0.2 µm nitrocellulose and subjected to Western analysis(35) using a mouse antirHuEPO monoclonal antibody (9G8a) (34) . Bands were visualized using an anti-mouse immunoglobulin G (IgG) from a vectastain kit (Vector Laboratories) and 4-chloronaphthol as substrate, or with biotinylated anti-mouse IgG and ECL (Amersham). In some cases, supernatants were directly loaded onto SDS-PAGE and analyzed by Western blot with the 9G8a anti-EPO monoclonal antibody and visualized using ECL (Amersham).
Some analogs were deglycosylated with N-glycanase (Glyko Inc.). The samples were boiled in 0.1% SDS/50 mM β-mercaptoethanol/20 mM NaPO 4 (pH 7.5) containing 0.02% sodium azide. Final concentrations of 0.75% nonidet P-40 and 10 mM dithiothreitol (DTT) were added along with 22.5 mU of N-glycanase before incubating the samples overnight at 37°C. The deglycosylated proteins were resolved by SDS-PAGE, transferred to nitrocellulose, and subjected to Western analysis as described above. For partial deglycosylation, purified samples were diluted to 1 mg/mL in 20 mM sodium phosphate, 140 mM sodium chloride and incubated at 37°C with 15 mU of N-glycanase (Sigma) for various times and subjected to 4-20% SDS-PAGE with Coomassie Blue staining.
Purified rHuEPO and a hyperglycosylated N30T32 analog were subjected to additional characterization including peptide map analysis, and N-terminal sequencing. Peptide map analysis was performed by dilution to 0.5 mg/mL in 20 mM sodium phosphate, pH 6.2 and overnight incubation at 37°C in the presence of 0.002 mg/mL endoproteinase Lys-C (Roche). Resulting peptides were separated by reversed phase HPLC using a Jupiter C5 column (Phenomenex), with a linear gradient of 9% to 54% acetonitrile in 0.1%TFA. N-terminal sequencing of selected peptides was performed using a Procise 494-A protein sequencer (Applied Biosystems).
Analysis of Protein Structure and determination of locations of consensus sequences
Immunoassays were used to assess expression and protein conformation and stability.
Radioimmunoassays (RIA) were carried out using a rabbit anti-rHuEPO polyclonal antibody as described (36) . ELISA assays and immunoassays using the antibody 9G8a were performed as described previously (29) . 9G8a immunoreactivity has been shown to increase following denaturation or following introduction of destabilizing mutations into rHuEPO via in vitro mutagenesis (29) indicating that 9G8a immunoreactivity is a surrogate assay for structure or stability. The solved nuclear magnetic resonance (NMR)(26) structure of rHuEPO allowed a detailed examination of the tertiary structure of the molecule in regions where carbohydrate addition sites were introduced. The structure was also used to calculate the amount of a particular amino acid present on the surface of the folded and secreted protein (fractional surface exposure). We assumed that fractional surface exposure of substituted amino acids was not affected by mutagenesis.
RESULTS
In order to identify the rules that define a N-linked glycosylation site, we introduced N-linked glycosylation consensus sequences into defined regions of the rHuEPO gene by using in vitro mutagenesis. 62 different rHuEPO glycosylation analogs were constructed with consensus sequences introduced into 47 different positions. Some of these analogs have been shown previously to result in attachment of additional carbohydrate to rHuEPO (12) . Both Asn-Xxx-Ser and Asn-Xxx-Thr consensus sequences were introduced. In some cases, existing Asn, Ser, or Thr residues were used as part of the introduced consensus sequence. In other cases, two or more substitutions were required, eg Phe88, Pro90 A typical analysis of rHuEPO glycosylation analogs expressed in COS cells is shown in figure 1 (top panel). Some of the analogs were associated with an increased apparent size compared with rHuEPO, suggesting that additional carbohydrate was present, ie these analogs were hyperglycosylated (compare lanes 2, 3, 4, 6, 7 and10 to lanes 1, 5, 8 and 9).
There were also apparent differences in size distributions of the various rHuEPO glycosylation analogs. The increased distribution was presumably because of partial carbohydrate addition whereby there was a mixture of molecules containing 3 or 4 N-linked carbohydrates (eg compare lanes 2; N30 T32 and 10; S129 N130 T132).
To confirm the presence of additional carbohydrate, analogs were enzymatically deglycosylated To confirm that increased size was due to increased numbers and not increased size of existing carbohydrates, peptide maps one of the purified glycosylation analogs (N30 T32) and purified rHuEPO were obtained ( figure 2A ). The elution position of all peptides from both proteins were identical except for the first peptide, which eluted four minutes earlier in the N30 T32 glycosylation analog peptide map 
Effect of secondary structure on glycosylation
In order to determine whether successful glycosylation of a new consensus sequences correlated with particular secondary structural elements, the NMR and X-ray crystal structure of recombinant human erythropoietin were examined to identify secondary structural elements. rHuEPO is a 4-helix bundle additional carbohydrate addition (A87 N88 T90, V87 N88 T90, S87 N88 T90, V87 N88 G89 T90 and S87 N88 G89 S90; see Table 1 and figure 4B (lanes 7 and 8) . We also removed Pro129 while introducing a C-terminal consensus sequence (P129 R130 T132 to S129 N130 T132) and this analog contained In order to examine the effect of adjacent prolines in more detail, consensus sequences were introduced C-terminal to existing prolines elsewhere in rHuEPO (Pro3 and Pro42). We did not detect additional N-linked carbohydrate with these analogs (figure 3), which is consistent with an inhibitory effect of proline on N-linked carbohydrate addition. We removed prolines (Pro121 and/or Pro122) that were near consensus sequences introduced at positions 123, 124 or 125 (P121 P122 A124 to L121 N122 T124, P122 A124 S126 to L122 N124 S126 and P121 P122 A125 A127 to L121 S122 N125 T127). None of these analogs contained additional N-linked carbohydrate (figure 4A) suggesting that a Pro per se was not the reason for the lack of glycosylation with these analogs.
We examined the effect of the substitutions on structure of the secreted protein using immunoreactivity of the analogs to the anti rHuEPO monoclonal antibody 9G8a to see if the structural change of the mutations correlated with glycosylation. Immunoreactivity with the 9G8a was increased when rHuEPO analogs had an alteration of structure or stability, and greater changes in structure resulted in greater increases in immunoreactivity (29) . A 2-fold (200%) or greater increase was indicative of an alteration in structure (29) while less than 200% change was within experimental error of the assay and therefore not indicative of a significant difference from that of control samples. The successfully hyperglycosylated analog N86 V87 T88 had a similar immunoreactivity (150% of control) to the adjacent unsuccessfully hyperglycosylated analog N87 T89 (160% of control, Table 1 ). In a similar manner the analog with the unglycosylated site (N88 T90), had a similar 9G8a immunoreactivity (210 % of control)
to the analog with the glycosylated site at the same position, (S87 N88 T90, 250% of control). A glycosylation site introduced at position 89 (N89 T90; 3100% of control) was dramatically changed in structure/stability while the glycosylated species V87 N88 T90 (120% of control) was not. We concluded that an alteration in the final folded structure was not a characteristic of functional vs nonfunctional consensus sequences. In further support of this proposition was the observation that 3 glycosylated consensus sequences with different flanking amino acids had different 9G8a immunoreactivities, S87 N88 T90 (780% of control) A87 N88 T90 (180% of control) V87 N88 T90 (120% of control), S87 N88 G89 T90 (500% of control), V87 N88 G89 T90 (100% of control). We concluded that a Val at position -1 relative to Asn could result in a normalized structure while a serine did not. This result suggests further that a normalized structure can be maintained in analogs with new functional glycosylation sites.
Comparison of Asn-Xxx-Ser vs Asn-Xxx-Thr consensus sequences
Carbohydrate addition to the consensus sequence Asn-Xxx-Ser vs Asn-Xxx-Thr was compared.
Asn-Xxx-Ser was introduced into 11 different positions while Asn Xxx-Thr was introduced into 39 different positions. Only one of the Asn-Xxx-Ser consensus sequences contained additional N-linked carbohydrate (N69 S71) while 12 of the 39 new Asn Xxx-Thr consensus sequences were glycosylated.
Thus there appeared to be a greater probability of successful glycosylation with Asn-Xxx-Thr than with Asn-Xxx-Ser consensus sequences.
In several cases both sequons were introduced into the same position (69, 88 and 125) and compared. The N69 S71 and N69 T71 analogs were both hyperglycosylated with similar efficiency (data not shown) while the N125 T127 and N125 S127 analogs did not contain any additional carbohydrate.
We also did not detect additional carbohydrate with N88 T90 and N88 S90 analogs. However when a Val was also substituted for the N-terminal amino acid (Pro87) both analogs V87 N88 T90 and V87 N88 S90)
were hyperglycosylated ( figure 4B and Table 1 ). N-glycanase digestion confirmed the presence of Nlinked carbohydrate. However, the proportion of fully glycosylated material was greater with V87 N88 T90 than with V87 N88 S90 ( figure 4B, compare lanes 8 and 9 ). These findings demonstrate that a consensus sequence containing a Thr can be a better acceptor for N-linked glycosylation than a consensus sequence containing a Ser.
Effect of surface exposure on glycosylation
We examined the possibility that a glycosylation site must be located on the surface of the folded molecule in order for carbohydrate addition to occur. We used the NMR structure (27) respectively. However the NMR structure was determined with an analog that contained lysine substitutions at the naturally occurring glycosylation sites on rHuEPO so the protein used for structural determination was not glycosylated. Therefore, we cannot rule out the possibility that the surface exposure was different when Asn was present or that the presence of carbohydrate at the naturally occurring positions had an additional effect on surface exposure at the Asn.
We used this type of analysis to determine whether the amino acid changed to Asn in the new consensus sequences was predicted to be on the surface of the molecule or buried in the interior. In all these cases we assumed that the rHuEPO sequence amino acid (for which we had structural information)
had the same surface exposure as the introduced Asn (for which we did not). Some of the sites chosen for introduction of consensus sequences had a similar or greater surface exposure compared to naturally occurring glycosylation sites but remained unglycosylated, eg Asn residues in Q58 A60 to N58 T60 or N147 F148 L149 to N147 G148 T149 had surface exposures of 0.73 and 0.70 respectively. In contrast, several sites had limited surface exposure (<30% was solvent exposed) but were able to be glycosylated efficiently, eg Asn residues in W51 R53 to N51 T53 and G57 Q59 to N57 T59 and N69 T71 had surface exposures of 0.06, 0.1, and 0.3 respectively. A comparison of analogs containing successful and unsuccessfully glycosylated consensus sequences is shown on figure 5A . The surface exposure of each analog is represented as a symbol and positioned according to its relative surface exposure. With both glycosylated and unglycosylated consensus sequences there was no correlation between predicted surface exposure of the asparagine in the consensus sequence and the presence of additional carbohydrate. This suggests that the Asn in the N-linked consensus sequence need not be exposed on the surface of the in order for carbohydrate addition to occur.
One explanation for the lack of correlation between surface exposure and carbohydrate addition is that carbohydrate addition precedes folding ie carbohydrate addition is cotranslational. If true, molecules with carbohydrate attached to sites normally buried would be destabilized because the attached carbohydrate could not be accommodated inside the folded molecule without a change in structure.
Immunoreactivity with the anti rHuEPO monoclonal antibody 9G8a has been shown to be increased when rHuEPO analogs have an alteration in structure and greater changes in structure result in greater increases in immunoreactivity (29;34) . We determined 9G8a immunoreactivity of rHuEPO glycosylation analogs and calculated surface exposure of the residue that was changed to Asn. Figure 5B shows the relationship between surface exposure and 9G8a immunoreactivity. In 3 of 4 cases where glycosylation sites were introduced into buried positions (surface exposure was 0.2 or less), the 9G8a immunoreactivity of the analog was high. Thus (i) Trp51 had a surface exposure of 0.12 and 9G8a immunoreactivity of the N51 T53 analog was increased 4-fold relative to native sequence rHuEPO (ii) Gly57 had a surface exposure of 0.03 and 9G8a immunoreactivity of N57 T59 was increased 8-fold and (iii) Leu69 had a surface exposure of 0.18 and 9G8a immunoreactivity of N69 S71 was increased 9-fold. These analogs were also secreted poorly. When surface exposures of the residue was greater than 0.2 there was a modest or negligible effect on 9G8a immunoreactivity. There was one exception; the analog E89 P90 L91 to N89 I90 T91 had high 9g8a immunoreactivity (25-fold increase). However Glu89 was largely solvent exposed in the native molecule (surface exposure of 0.76). We found that an analog with only the L91 to T91 substitution had a 10-fold increase in 9G8a immunoreactivity while individual substitutions of Glu89 of Pro90 did not affect 9G8a immunoreactivity. We concluded that the N89 I90 T91 analog had high 9G8a immunoreactivity largely because of the Thr substitution and not addition of carbohydrate per se. Therefore this analog was not included in figure 5B. Overall these results are suggestive of an alteration in structure or stability when carbohydrate is added to buried positions presumably because the presence of the attached carbohydrate destabilizes the structure when the position of attachment is normally buried. This result is consistent with the proposal that carbohydrate addition precedes folding.
DISCUSSION
These studies demonstrate that the addition of an N-linked glycosylation consensus sequence (Asn-Xxx-Ser/Thr) to the polypeptide backbone of rHuEPO is not sufficient to ensure carbohydrate addition to the protein. Indeed, most (68%) introduced N-linked consensus sequences were not glycosylated. Thus, consensus sequences must be introduced at a position with a sequence context and structure that is compatible with carbohydrate addition.
It has been reported that carbohydrate addition occurs cotranslationally and precedes final protein folding (19;37) . That is, the structural elements recognized by the glycosylation machinery must be present in partially synthesized proteins. Folding and glycosylation have been reported to compete (38;39) . Thus a reduced rate of synthesis or a reduction in folding can result in increased carbohydrate addition. Our results support this proposal. We found that carbohydrate attachment sites with limited surface exposure were glycosylated, but the structure of the secreted protein was altered or destabilized due to the inhibitory effect of attached carbohydrate on protein folding. Analysis of the specific sites at which carbohydrate addition occurred in rHuEPO hyperglycosylated analogs indicated that glycosylation was able to take place within some regions in alpha helices, loops and bends within the molecule. It is likely that this is a reflection of the particular orientation and spacing of the asparagine relative to serine or threonine residues within the glycosylation consensus sequence. For example ß or Asn-X turns are secondary structures adopted by functional Nlinked glycosylation sites (41) and these structures may be contained within some positions in an alfa helix. It is also possible that the secondary structures adopted in the mature and properly folded molecule may be different than those present in the newly synthesized protein.
It has been observed previously that a proline residue in the Xxx position of the Asn-Xxx-Ser/Thr glycosylation site reduces the likelihood of N-linked carbohydrate addition (21) . The studies described here have demonstrated that while a rHuEPO analog with the sequence P87 N88 T90 was unable to be glycosylated, substitution of the Pro residue for a Ser, Val or Ala residue allowed carbohydrate addition.
This suggests that amino acids adjacent to the glycosylation site influence the likelihood of carbohydrate addition, probably due to changes in secondary protein structure. It should be noted, however, that there exist glycosylation sites with a Pro at −1 relative to Asn in consensus sequences that are glycosylated (14) . Nevertheless, this observation does support the strategy of converting nonviable glycosylation sites into viable ones by substitution of adjacent amino acids.
We demonstrated previously that a threonine residue as the last amino acid in the consensus sequence is a better acceptor of O-linked glycosylation than a serine residue (32) . The experiments described here suggest that the same is true for N-linked glycosylation; a threonine at the third position was a better acceptor for N-linked carbohydrate addition than was a serine residue. This observation is supported by previous reports of the phenomenon (21;42-45) . These results suggest that the hydroxyl group may play a direct role in oligosaccharide transfer to the protein. In this scenario, the threonine residue is much more effective at catalyzing the transfer. Alternatively, the threonine may affect the local stereochemistry of the glycosylation site, thus affecting recognition and transfer of oligosaccharides to the protein by the oligosaccharyl transferase(41).
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